Abstract. The dispersion relation for plasma waves. propagating at an arbitrary angle to an external magnetic field, has been calculated on the basis of the Vlasov equation. The energy bands are assumed to be multivalley, non-parabolic and non-spherical. The case of strong degeneracy of the electron gas has been analysed.
Introduction
The problem of plasmons in a magnetic field, for the case of a free-carrier plasma with isotropic mass, has been investigated by Gross (1 95 1) and Berstein (1 958) (in the classical limit), by Bonch-Bruevich and Mironov (1 960) (quantum correction to plasmon propagation) and by Horing (1 965) (the degenerate, quantum mechanical case). The plasmon dispersion relation has been studied by Brosens et al (1975) with different local-field corrections. Many experimental papers are now appearing on the coupled plasmonphonon modes in lead salts (e.g. Burkhard et al 1976 , Ramage et a / 1977 . The purpose of this paper is to find the dispersion relation for a collisionless one-component plasma in a multivalley semiconductor with an energy-dependent anisotropic effective-mass tensor. Our considerations are limited to the case of weak external magnetic field, for which a classical treatment is valid.
Section 2 presents the derivation of basic equations. In $3 the general expression for the dispersion relation has been obtained. Section 4 contains the application of our results to the lead chalcogenides. The band structure of these materials consists of four conduction and four valence extrema located at L-points, and is significantly nonparabolic and anisotropic. Plasmon generation processes are important in these materials for the far-infrared absorption because of very high static (lattice) dielectric constants in the case of high carrier concentration (Mycielski 1974 , Gonzalez et a / 1979 .
General formulation of the problem
We will consider a collisionless electron plasma (with electron charge --]el) in which electron-electron scattering will also be negligible. All results will hold for a hole plasma. 
E Sommev
The problem of determining the plasma wave dispersion relation can be solved ( 1 ) where we have used the following notation:
= &)(v,p: t ) is the distribution function for the electrons of the ith valley of the multivalley conduction band, E' is the longitudinal electric field, H, the external magnetic field, D (~) , the velocity of electrons of the ith valley, and U' is the number of conduction band minima.
For the ith valley, the momentump is counted from the ith band minimum. The function is normalised as by using the set of Vlasov equations
s where n(,) is the number of carriers per unit volume in each valley.
ing relation (Kolodziejczak and Zukotynski 1963, Zawadzki 1974) The ellipsoidal energy band with arbitrary non-parabolicity is described by the follow-
where E (~) is the energy of electrons in the ith valley. The carrier velocity is (4) where M; )' is the momentum mass tensor. In the general case the momentum effective mass depends on the energy
where
The solutions of equation (1) are assumed to be of the form
wheref, is the equilibrium distribution. We have also assumed that is the longitudinal lattice dielectric function (Varga 1966) . p is the momentum vector in the reference system which diagonalises the mass tensor.
The problem thus consists essentially of two steps. Firstly it is necessary to find q(il by solving the linearised Vlasov equation, and secondly, to find the dispersion relation, using formula (8). The procedure is equivalent to first calculating the electronic polarisability using the Vlasov equation (1) and then solving the Poisson equation in accordance with Varga (1965) .
The dispersion relation
We now study the degenerate plasma in a low external magnetic field for which the condition We assume that waves are of sufficiently long wavelength so that
and thus we avoid Landau damping of the plasmons being considered.
1957)
Dropping the terms proportional to the third and higher powers of q we get (Blatt q:,,(p) = -( 4~i e z~~~c " m " C~~,~2~L (~) ) { ( l~q ) ( l
cpi,(p) = -( 4 7 1 e 2 w , 2 , m~C / r~3~L (~) )
Terms of higher order than the second in the magnetic field have been neglected.
Returning to relation (8) and substituting into it the solution given by formulae (1 l t ( 1 4 ) we transform the integrations over d3p into integrations over ds, d+ and d0 in the spherical coordinate system (Kolodziejczak and Zukotynski 1963) . Assuming the extreme degeneracy limit
and performing the integrations, we obtain the following dispersion relation where we have denoted and w2 = 4xe2no/~,m0, where /3((8m,m,,m,)"'i(l/(~,) )~'~ is the equilibrium carrier density, E, is the high-frequency dielectric constant. uLo and wTo are the frequencies of the longitudinal and transverse optical phonons respectively, In the limiting case, when ?(E) = E , aUp = (1/2m*)ljZ1, (m* is the electron effective mass) and u2, co;,m0/m* % wEo, the dispersion relation (1 6) becomes p?
where vF = 2~,/m*. This is in good agreement with the classical limit of the results presented by Horing (1 965).
It is obvious that relation (16) is too complicated for practical purposes and we must look for some simplifications. Substituting H = 0 and q = 0 into (16), we obtain the zero-order dispersion relation for the coupled plasmon-phonon modes w:(t,) = ~~~~t ,
We now suggest the following simplified form for the dispersion relation for the upperbranch magneto-plasmon :
Substituting (23) into (16) we can find the coefficients which appear in (23). Finally, we have u2 = w:(t,) + au$ + bq2 + cu:oq2.
Application to lead chalcogenides
Let us consider cubic semiconductors with constant energy surfaces described by ellipsoids oriented along the [1,1,1] direction and centred at L-points (e.g. PbTe or PbSe). If we take ?(E) = ~( 1 + E / E J (where eg is the energy gap) we obtain the energy dispersion in a special variant of Kane's model (Dubrovskaya and Ravich 1966) , valid for lead chalcogenides. Taking direction z along the symmetry axis of the prolate spheroid, we define m, = mL and m, = my = mT. The resulting dispersion relation is given by formula (24) with the following coefficients :
In formulae (29), (30) and (31) the reference system for vectors H and q is taken along the crystallographic axes.
The non-parabolicity influences the dispersion relation by the factors (1 + 2cF/c,) and (1 + tF/c8). All the results of this section can be applied to germanium if the limit cg + ac: is taken.
Discussion
High-frequency plasmon dispersion in PbS, PbSe and PbTe has been observed by electron energy loss measurements (Buechner 1977a and b) . However, we are interested here in low-frequency magneto-plasma waves, the energy of which is of the order lo-' eV. In this energy region, the direct investigation of plasmon dispersion appears to be beyond present experimental sensitivity. We may expect that the interpretation of infrared magneto-optical data can support our theoretical findings (Mycielski 1974 , Gonzalez et al 1979 . Detailed study of the dissipation mechanism consisting of shortwavelength plasmon generation is under consideration.
